Introduction
Preterm birth is becoming a major US public health problem, as emphasized in a 2007 report from the Institute of Medicine (IOM) Committee on Understanding Preterm Birth [1 ] . The steady increase in preterm births (to 12-13% of US births) and remarkable improvements in survival for infants of all gestational age and birthweight categories has outpaced any concomitant decrease in long-term neurodevelopmental disability rates. As many as 64-75% of infant deaths can be attributed to preterm births, as can 42-47% of children with cerebral palsy, and 27%, 37% and 23% of children with significant cognitive, visual and hearing impairments, respectively. Troublesome disparities in racial/ethnic group and geographical preterm birth and mortality rates persist. Medical care attributed to preterm birth costs $16.9 billion annually, or $33 210 per preterm infant born. Early intervention services for preterm infants cost $611 million a year and special education costs $1.1 billion a year. For the USA in 2005, a conservative estimate provided by the IOM of the annual economic burden associated with preterm birth is $26.2 billion, or $51 600 per infant born preterm.
The IOM report describes prematurity not as a single disease, but a common complex condition that results from multiple gene-environmental interactions that lead to several final pathophysiological pathways to birth before 37 weeks gestation [1 ] . The many biological and environmental risk factors for preterm birth, including biological factors, maternal medical conditions, genetics, environmental exposures, assisted reproductive technology, behavioral and psychosocial factors, and neighborhood social characteristics, vary among populations. A prior preterm birth is the strongest risk factor. Pathways to preterm birth include inflammation (resulting from environmental exposures to antigens and infections, as well as fetal and maternal immune responses), uterine distention (e.g. multiple gestations) and deteriorating fetal or maternal health (e.g. preeclampsia).
For over 50 years, preterm outcome studies have reported higher rates of cerebral palsy, intellectual disability and sensory impairment in preterm survivors as compared with peers born at term [1 ,2] . The focus of more recent studies has shifted to describing school and behavior problems (e.g. minor neuromotor dysfunction, specific learning disability and language, visual-perceptual and attention deficits), and the contribution of preterm complications and their treatments to neurodevelopmental outcomes.
Neurodevelopmental outcomes
Much of the variation in reported rates of neurodevelopmental disabilities may be due to differing methodologies, but the challenge is in discerning how much is due to neonatal intensive care unit (NICU) treatment strategies [1 ,2-4,5 -7 ]. Commonly used terms that describe study samples (e.g. very low birthweight) have become so confusing that exact descriptions (e.g. infants with birthweight below 1500 g) will be used here. Variations in length of follow-up, success in tracking subjects, evaluation measures and diagnostic criteria influence disability rates, as demonstrated in a German study that annually evaluated children with birthweight below 1000 g with neurological examinations and a variety of psychometric tests (based on age) [8 ] . At 6-10 years, 17% had major impairment (cerebral palsy, intelligence or developmental quotient below 70, blindness or intractable epilepsy), 42% had minor impairment (neuromotor abnormalities, intellectual or developmental quotients of 70-84, socioemotional problems, or language, gross motor, fine motor, visual, auditory, or attention deficits), and 41% were normal. Only one of 12 infants with cerebral palsy had not been diagnosed at 18 months, but cognitive impairments were more difficult to identify. The proportion of assessments that concurred with 6-10-year outcomes increased with length of follow-up: only 49% at term (i.e. 40 weeks postmenstrual age), but 59%, 68%, 70% and 70% and at 1, 2, 3 and 4 years, respectively.
Motor outcomes
Although many preterm infants demonstrate neuromotor abnormalities on examination, most do not develop cerebral palsy [1 ,5
,13 , 14,15 ,16] . Rates of cerebral palsy in infants born after 1990 range from 4% to 12% for survivors with birthweight below 1000 g, 6% to 20% for infants born before 27 weeks gestation, and 21% to 23% for infants born before 25 weeks gestation [1 ] . In children born 1994-1997 in Northern Ireland, cerebral palsy prevalence was 1.2 per 1000 live births for birthweight over 2499 g, 11.3 for birthweight 1500-2499 g and 44.5 for birthweight below 1500 g [14] . Mortality is high in infants with birthweights below 1000 g, so cerebral palsy developed in 47 per 1000 live births and 99.5 per 1000 (9.9%) survivors. Although they constitute only 1% of births, 22% of children with cerebral palsy were born with birthweight below 1500 g.
An increase in cerebral palsy with decreasing birthweight and gestational age category is a consistent finding in preterm outcome studies. This finding is not limited to extremely preterm infants. Marret et al. [12 ] report an increase in cerebral palsy with each preterm week: 0.7%, 3.7%, 4.1%, 8.7% and 6.3% in children with gestational age 34, 33, 32, 31 and 30 weeks, respectively (P < 0.01). In a Swedish study, children born at 32-36 weeks gestation had a six times higher prevalence of cerebral palsy than children born at term (7 per 1000 vs. 1.1 per 1000 live births) [16] . Being born just a few weeks preterm confers enough vulnerability and complications of prematurity to increase both mortality and morbidity rates over those of fullterm neonates. A recent report from the American Academy of Pediatrics Committee on Fetus and Newborn proposes guidelines for evaluating and managing 'late preterm' infants born at 34 to 36 6/7 weeks gestation [17] .
Many children born preterm demonstrate mild fine or gross motor delay, mild but persistent neuromotor abnormalities (e.g. asymmetries, tight heel cords), motor planning problems and/or sensorimotor integration problems that lead to functional impairments (e.g. tying shoelaces), academic difficulties (e.g. writing), and social-emotional problems (e.g. poor self-esteem and peer relationships) [1 ,5 ,15 ,18 ,19] . In an excellent Australian study of 8-9-year-olds, children (especially males) with birthweight below 1000 g or gestational age below 28 weeks with developmental coordination disorder (9.5% vs. 2% in normal birthweight controls, P ¼ 0.001) had more problems with cognitive function, academic achievement, and adaptive behavior [18 ] . In a Swiss study of 6-year-olds, children with birthweight below 1500 g had low scores on multiple motor tasks (especially quality and speed of movements) [19] . Scores correlated with brain injury on neonatal ultrasounds and neurological abnormalities on examination at age 6, but even preterm children with no neurological abnormalities had lower scores than the referent population. A British study of 6-year-olds noted poorer performance on a variety of motor tasks in children with gestational age below 26 weeks compared with fullterm controls, as well as a higher prevalence of left-handed preference (28% vs. 10%), overflow movements during motor tasks, sensorimotor difficulties and visuospatial problems [15 ] . These problems adversely influenced the children's classroom performance as rated by their teachers.
Cognition and academic achievement
Recent studies have not only confirmed that children born preterm have more cognitive impairments and academic difficulties than fullterm controls, but they also suggest that these are more common than motor, visual or hearing impairments [1 ,10 ,13 ,15 ,20] . In a study of 2-year-olds, 54% of children born before 27 weeks gestation had a Griffith Mental Developmental Quotient greater than 2 standard deviations below the mean; only 40% had normal cognitive abilities [10 ] . A study comparing children born with birthweight below 1500 g during three epochs found no significant changes in cognitive tests from 1982 to 2002, but 20-24% had Bayley Mental Developmental Index scores below 70 [13 ] . The French study of children born at 30-34 weeks gestation found cognitive impairment to be the most common disability, and with increasing gestational age, mean cognitive scores and proportion of children with scores above 85 improved (from 94 to 98 and from 65% to 76%, respectively) [12 ] . Difficulties with reading and spelling increased with decreasing gestational age (and birthweights) in a Danish study of 11-13 year olds [20] . They found significant differences between children born at 33-36 weeks (and at 37-38 weeks) compared with children born at 39-40 weeks gestation.
In addition to birthweight and gestational age, factors associated with cognitive outcomes include neuroimaging evidence of brain injury, neuromotor abnormalities on exam, male gender and some factors related to severity of neonatal illness or chronic lung disease [1 ,10 ,12 ,20,21]. Vlastos et al. [22] found that fetuses with absent fetal heart rate reactivity prior to delivery had higher risks of brain injury and low Bayley scores. In a ventilation trial of children born before 28 weeks gestation, factors associated with lower vocabularies at age 2 included severe neurosensory impairment, male gender, length of hospital stay, and weight at 12 months [23] .
Sensory impairments
Visual and auditory impairments are associated with preterm birth, and the most immature and sick preterm infants have the highest risks [1 ,10 ,12 , 24, 25 ] . In a study of caregiver-reported outcomes of preschool children, 6% of children born before 28 weeks gestation had moderate to severe visual impairment and 4% had moderate to severe hearing impairment, compared with 0.5% for vision and hearing in children born at 28-32 weeks gestation and 0.3% for each in fullterm controls [26] . Severe visual impairment occurs in 1-3% of children with birthweight below 1000 g and 2-6% in children with gestational age below 27 weeks [1 ,10 ,12 ]. Although as many as 6% of children with gestational age below 26-27 weeks have severe to profound hearing impairment, many function well after early placement of cochlear implants [1 ,10 ].
Adult outcomes
Many young adults with birthweight below 1000-1500 g finish high school, find employment, marry and live independently [1 ,27] . Nonetheless, some studies have found that more young adults with birthweight below 1500 g leave school early, and fewer go on to college and graduate from 4-year courses. Although more young adults born preterm demonstrate shy and withdrawn behaviors, they have fewer risk-taking behaviors (e.g. use of alcohol or illegal drugs, delinquent behaviors, teenage pregnancies) than fullterm controls.
In an impressive Australian 31-year follow-up study of offspring of mothers in an antenatal steroid trial, there were no differences between 126 adults born preterm (mean 34 weeks gestational age) and 66 fullterm controls in marital status, educational attainment, socioeconomic status, cognitive functioning, working memory, attention or psychiatric symptoms [28 ] . They found that preterm birth was associated with fewer symptoms of depression and greater satisfaction with respect to general health, pain, and social functioning. A Canadian study of young adults with birthweight below 1000 g reports that despite more functional cognitive, mobility, and self-care limitations, they considered themselves to have a similar quality of life as their fullterm peers [29] .
What influences neurodevelopmental outcomes?
The focus of preterm outcome studies has shifted from mere reports to improving prediction of neurodevelopmental outcomes. Measures of brain structure and function are by far the most predictive of neurodevelopmental outcomes [1 ,2,4], and a few recent studies have addressed the value of examination with neonatal ultrasound and magnetic resonance imaging (MRI).
Serial head ultrasounds are a valuable bedside tool for following brain development in even the sickest preterm infants. Two studies have demonstrated that many preterm infants have a reduction in the size of the corpus callosum at term (compared with term controls); this is associated with lower gestational age at birth and with cerebral palsy and lower cognitive scores [30, 31 ]. Another study found that more infants with birthweight below 1500 g who had subependymal cysts noted on neonatal ultrasounds had delayed motor development at 2 years than controls with normal head ultrasounds [32] . In a thoughtful and convincing paper, Leviton et al. [33] suggest abandoning the current widely used but outmoded grading system for intraventricular hemorrhage and propose a simpler method that indicates presence or absence of subependymal hemorrhage, intraventricular hemorrhage, ventriculomegaly, and parenchymal abnormality. Although ultrasound evidence of intraparenchymal hemorrhage or white matter injury is a strong predictor, it is not diagnostic: 28-30% of infants with these findings and birthweight below 1000 g have no neurodevelopmental impairment at 18-22 months [34] . As many as 39% of children with normal head ultrasounds had neurodevelopmental impairment.
A number of MRI studies describe normal and abnormal brain development in preterm infants. A Swedish study of infants born before 27 weeks gestation in [2004] [2005] found that 18% had moderate to severe white matter abnormalities on head MRI at term [35 ] . White matter abnormalities were associated with severity of illness, use of inotropes, severe intraventricular hemorrhage and posthemorrhagic hydrocephalus. Postnatal dexamethasone decreased total and regional cerebral tissue volumes on MRI in infants with birthweight below 1000 g [36] . Although previous studies have shown that preterm infants with brain injury have decreased volume of both white and cortical gray matter, preterm infants with no brain injury have lower volume of white, but not gray, matter at 42 weeks postmenstrual age than fullterm controls [37] . A study of MRI at term in 167 infants born before 31 weeks gestation found that 21% had moderate to severe white matter injury, and this was predictive of severe motor delay and cerebral palsy, even when controlling for ultrasound, perinatal, and neonatal risk factors [21] .
A number of studies using diffusion tensor magnetic resonance imaging (DTI) to visualize white matter tracts in neonates with white matter injuries and in older children with cerebral palsy have published promising results [38] [39] [40] [41] [42] . One study of 24 infants with birthweight below 1500 g who had DTI at 37 weeks postmenstrual age found a strong correlation between low fractional anisotropy values in the posterior limbs of the internal capsule and both diagnosis of cerebral palsy and severity of gait problems on outcome evaluations at 4 years [41] . Despite these promising reports, definitive predictive data that include sensitivity, specificity, and especially positive and negative predictive values for neurodevelopmental disabilities are needed before MRI or DTI become standard clinical practice, as discussed by Dammann and Leviton [43] .
Neonatal illnesses, especially chronic lung disease/ bronchopulmonary dysplasia, are risk factors for neurodevelopmental impairment in preterm infants [1 ,2] . A study of infants with birthweight below 1000 g found that their logistic regression model with clinical variables better predicted neurodevelopmental impairment at 18-22 months than one with only neonatal ultrasound data; adding the ultrasound data to their model did not improve prediction [34] . Anderson and Doyle [44] demonstrated that lung disease is not only a risk factor for cerebral palsy and cognitive impairment, but also for language delay, visual-motor impairments, low average intelligence, academic difficulties, attention and behavior problems, memory deficits and executive dysfunction. Necrotizing enterocolitis, especially with surgical intervention, increases a preterm infant's risk for cerebral palsy, and cognitive and visual impairment [45, 46] . Trials that evaluate neurodevelopmental outcome are providing important data regarding safety and efficacy of NICU treatment strategies. Although hypotension is a risk factor, we do not know what constitutes hypotension in extremely preterm infants and whether treatment with inotropes or hydrocortisone influences neurodevelopmental outcomes [47] [48] [49] [50] . A number of studies reporting follow-up evaluations of preterm infants enrolled in NICU randomized controlled trials provide important information as to whether rates of neurodevelopmental disability (or death or major neurodevelopmental disability) are lower (e.g. caffeine [51] ), unchanged (e.g. methods of ventilation, positive airway pressure or lucinactant surfactant [52] [53] [54] [55] ) or higher (e.g. some adverse effects with inhaled nitric oxide [56, 57] ). The controversy over beneficial vs. adverse effects of inhaled nitric oxide in preterm infants with lung disease can only be answered by more follow-up data from trials, especially as they vary as to selection criteria and dose administered [56] [57] [58] [59] [60] [61] [62] .
An intriguing paper looked at the effect of COX2 genotype in 5.5-year old preterm children, and found lower cognitive scores with the C allele (92.7 vs. 97.6, P ¼ 0.04) [63 ] . As the effect was independent of confounding variables, the authors speculate that polymorphisms of the COX2 gene may influence the preterm brain's response to inflammation and limit the efficacy of prophylactic indomethacin on neurocognitive outcomes. This paper reminds us that preterm birth and neurodevelopmental outcome of children born preterm are the result of multiple gene-environment interactions.
Conclusion
Although the majority of children born preterm do not develop major impairments, more preterm children than fullterm children develop cerebral palsy and/or cognitive impairments, and the risk increases with decreasing gestational age. The additional risk of the more subtle impairments of attention, executive function, language, visual-perceptual abilities, and fine motor function that influence the ability to function at school and at home has become apparent. While most studies focus on the most immature infants, there is growing recognition that infants born at 34-36 weeks gestation have higher mortality, morbidity, and cerebral palsy rates than fullterm infants.
Mortality and neurodevelopmental outcomes of preterm infants are due to the causes of preterm birth, immature organ systems not being up to the task of fully sustaining extrauterine life, adverse effects of obstetric and neonatal treatments, and genetic factors that we know little about. Multicenter studies using uniform methodology often note significant differences in mortality and morbidity among centers. Just as large studies of mothers who deliver preterm provide insight into the pathophysiology of preterm birth, preterm neurodevelopmental outcome studies provide insight into how the preterm brain develops and recovers from injury. Knowledge of neurodevelopmental outcome is key to developing better treatment strategies.
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